Abstract: Quasi-phase matched second-harmonic generation at 532 nm is demonstrated in a channel waveguide that is written in bulk fused silica using a femtosecond laser. The second-order nonlinear grating is fabricated using uniform thermal poling followed by periodic erasure inside an e-beam deposition system caused, by what we believe to be, x-rays. A SHG conversion efficiency of 2 × 10 −5 %/W-cm 2 was obtained for a 1 cm long device, corresponding to an effective nonlinear coefficient of 0.0075 pm/V. 
Introduction
Silica based planar optical devices are of great importance in optical communication systems because silica glass has excellent transparency from the UV to the near-IR, good chemical/structural durability and is fiber compatible. Glass, however, is an amorphous material with effective inversion symmetry. This symmetry precludes both electro-optic (EO) light control and wavelength conversion in glass by second-order, nonlinear, parametric processes, and thus limits the functional utility of glass integrated optical devices.
In 1991 Myers et al. demonstrated that thermal poling could be used to induce a second order susceptibility, χ (2) , on the order of 1 pm/V in fused silica [1] . The thermal poling technique has been utilized to realize both EO modulation [2, 3] and quasi-phase matched (QPM) second harmonic generation (SHG) in silica fibers and planar, glass substrates [4, 5] . QPM χ (2) grating structures can be fabricated by periodic poling with patterned periodic electrodes [6] or by selective erasure of uniformly poled regions [7] [8] [9] . Selective erasure has been achieved using focused electron beams [7] , ultraviolet exposure [8] and two-photon absorption of near-IR laser radiation [9] . Chen et al. reported QPM-SHG in a planar bulk piece of fused silica achieved by periodic UV-erasure of uniformly poled regions [10] . Chen et al. subsequently extended these results to both planar and channel waveguide QPM-SHG devices fabricated in fused silica by Ge-implantation [11, 12] . The normalized conversion efficiency for the 7 mm long channel waveguide device reported in [12] was 6.1×10 -4 %/W/cm 2 , corresponding to an effective nonlinear coefficient, d eff , of 0.005 pm/V. More recently, a thin-film, SHG, glass, waveguide device, based on silica-on-silicon technology, was demonstrated using thermal poling with embedded periodic electrodes [13] . The device consisted of a buried silicon oxynitride (SiON) waveguide and a 3 mm long QPM χ (2) grating.
A normalized conversion efficiency of 1.4×10 -3 %/W/cm 2 was obtained, corresponding to an effective nonlinear coefficient of 0.02 pm/V, which is the highest value reported to date for a thermally poled QPM-SHG device. This value is still more than an order of magnitude below the peak nonlinearity achieved by thermal poling in bulk fused silica. Thus there are potential advantages associated with using bulk fused silica, as opposed to thin films, to fabricate nonlinear parametric waveguide devices. The techniques available to fabricate waveguides in bulk fused silica are limited to ion implantation [12, 14] , electron beam irradiation [2, 15] and femtosecond laser direct writing [16] . As opposed to ion implantation, femtosecond laser direct writing is a mask-less process. The later technique also offers the ability to write waveguides in three dimensions, a functionality that is unachievable using electron beam writing.
In the last six years, femtosecond laser direct writing technology has been developed to the point that low-loss, complex, waveguide devices can be fabricated in fused silica [17, 18] . As reported in [19] , this technology can be combined with thermal poling to realize EO waveguide devices in bulk fused silica substrates. In this paper, a waveguide QPM-SHG device is fabricated using femtosecond laser direct writing in bulk fused silica for the first time. The QPM structure is realized by uniform thermal poling followed by periodic erasure of the χ (2) . A new technique, which relies on the use of a standard electron-beam (e-beam) deposition system, is used to perform the periodic erasure [20] . A normalized conversion efficiency of 2 × 10 −5 %/W/cm 2 was obtained for a 1 cm long device, corresponding to an effective nonlinear coefficient of 0.0075 pm/V.
Device fabrication

Thermal poling of bulk fused silica
A 1.6 mm thick Herasil fused silica sample measuring 45 mm × 25 mm was sandwiched between two pieces of an n-type silicon wafer and thermally poled with an applied voltage of 4 kV inside a box furnace at a temperature of 275 °C. After ten minutes, the furnace was turned off, the applied voltage was increased to 5 kV, and the sample was allowed to cool to room temperature [21] . Upon returning to room temperature, the voltage was turned off and the sample was removed from the oven. A standard Maker fringe measurement was performed on the poled sample, and the result is shown in Fig. 1 . This Maker fringe data by itself is not sufficient to reconstruct the spatial profile of the induced nonlinearity, χ 33 (2) . In order to compare our results with those previously reported, as well as obtain a crude estimate of the thickness of the nonlinear layer, we assumed that the profile was either step-like or Gaussian in shape. As can be seen in Fig. 1 , both of these assumed profiles were able to produce a reasonable fit to the measured data, though recent evidence indicates that the Gaussian profile is probably the more accurate representation [22] .
The absolute magnitude of the induced χ 33 (2) was determined by making a reference Maker fringe measurement on a piece of x-cut crystal quartz with a known d 11 coefficient of 0.5 pm/V. Assuming a step-like profile for the induced nonlinearity, the magnitude, χ 33 (2) , and the depth of the nonlinear region were estimated to be 0.25 pm/V and 18 µm, respectively.
Femtosecond laser direct written waveguide
A femtosecond laser operating at a center wavelength of 790 nm, with a pulse width of 110 fs, a pulse repetition rate of 238 kHz, and a pulse energy of 200 nJ was used to write waveguides in the thermally poled glass sample. A microscope objective with a numerical aperture of 0.55 focused the laser beam slightly below the top surface of the sample while the sample was moved on a computer-controlled translation stage at a scan speed of 100 µm/s. The resulting waveguide refractive index profile, n sub + ∆n(x,z), was measured using a refractive near-field (RNF) profilometer at 658 nm and is shown in Fig. 2 . The x coordinate axis referred to in this paper is oriented parallel to the sample's surface and perpendicular to the waveguide, while the coordinate z coordinate axis is normal to the surface of the sample. Using 1.44972 and 1.46081 for the substrate refractive index, n sub , at wavelengths of 1064 nm and 532 nm, respectively (provided by the glass manufacturer), and assuming that the wavelength dispersion of the waveguide index change, ∆n(x,z), is negligible (i.e., n(x, z,λ) = n sub (λ) + ∆n(x,z,658 nm) , the TE mode profiles, E(x,z), and mode effective indices, N, were numerically computed using the beam propagation method (BPM). The results of these calculations, at both the fundamental (1064 nm) and SHG (532 nm) wavelengths, are shown in Table 1 and Fig. 3 below. 
Design and fabrication of QPM χ (2) grating
Using the computed mode effective indices at 1064 nm and 532 nm given in Table 1 , the required QPM first order grating period was computed from the phase matching condition ∆k = 2πN 2ω
to be 43.1 µm, where λ f and λ f /2 are the wavelengths of the fundamental and second-harmonic beams, m is the order of the phase matching, Λ is the grating period, and N ω and N 2ω are the waveguide mode effective indices at the fundamental and second harmonic wavelengths, respectively.
While using an e-beam deposition system to deposit aluminum electrodes on a uniformly poled fused silica sample, it was discovered that the deposition process caused the nonlinearity to be erased. Based on this observation, a new method was developed to fabricate QPM χ (2) gratings in previously uniformly poled samples [20] . First a silicon grating mask was fabricated. This was accomplished by photolithographically patterning the desired grating in a photoresist layer that had been spun on top of a 200 µm thick silicon wafer. The grating pattern was subsequently transferred entirely through the thickness of the silicon wafer by reactive ion etching using an STS deep silicon etcher. The SEM image of the resulting silicon grating mask is shown in Fig. 4 . A previously uniformly poled glass sample, containing the femtosecond laser-written waveguide, was spin coated with a layer of photoresist, and then the silicon grating was placed on top of the photoresist layer with the grating groves aligned normal to the underlying waveguide. The photoresist served as an adhesion layer that could be easily removed at the end of the process. The sample, with the attached silicon grating, was put inside the chamber of an electron-beam deposition system. The deposition parameters were set to a 10 kV beam acceleration, a beam current in the range of 0.2-0.5 A, and a run duration of about 2 minutes. A standard deposition process of 150 nm aluminum was performed. After the run was completed, the glass sample and the silicon mask were separated, and the remaining photoresist was completely removed from the glass.
The etching rate is different for poled and unpoled regions in glass [23] . Thus it was possible to view the periodically erased χ (2) structure by etching the sample in a 50:50 mixture, by volume, of hydrofluoric acid for 1 minute. The resulting image of the etched glass sample, observed under an optical microscope, is shown in Figure 5 . In order to further confirm that selective erasure had occurred, a second, but coarser χ (2) grating with a period of 400 µm, was fabricated using the above e-beam deposition method in a waveguide-free piece of fused silica. A Q-switched microchip laser operating at 1064 nm was focused to a spot on the surface of this sample, and a transmitted SHG signal was recorded as the spot was scanned across the surface. As shown in Fig. 6 , the SHG signal was observed to vary with the same period as the grating. A relatively coarse grating was chosen for these measurements, since it allowed good spatial resolution to be obtained without imposing tight focusing requirements on the fundamental probe beam.
Although the mechanism by which the χ (2) is erased inside the e-beam evaporator deposition system is not fully understood, the erasure is likely caused by x-ray generation [24] and/or by incident electrons [7] scattered from the target. X-ray (Bremsstrahlung) generation inside the chamber must occur to some degree when the electron beam is stopped by the target, which in this case was aluminum. At 8048 keV (the copper Kα 1 x-ray line of Al), the x-ray attenuation coefficients in crystalline silicon and SiO 2 are 14.46 mm -1 and 8.18 mm -1 , respectively and decrease monotonically with increasing x-ray energy [25, 26] . Therefore, a 200 µm thick piece of crystalline silicon will effectively absorb incident x-rays, while the xrays passing through the openings in the silicon mask will penetrate to a depth of several hundred microns into the poled glass. The penetration depth of 10 keV electrons on the other hand is only a micron or two in both crystalline silicon and SiO 2 [27] . Given this fact, along with the observation that a 10 µm thick film of either photoresist or PMMA deposited on top of the sample did not inhibit erasure of the poled regions of χ (2) , it is suspected that x-rays are responsible, at least in part, for the erasure. This, however, is an area that warrants further study before any definition conclusions may be drawn. Nonetheless, the method described has proven to be a simple technique for fabricating QPM χ (2) gratings in fused silica.
Results and discussion
A 1 cm long waveguide QPM-SHG device was fabricated in bulk fused silica using femtosecond laser direct writing followed by thermal poling and periodic erasure of the poling induced χ (2) . The QPM χ (2) grating period was chosen to 43.1 µm, which corresponds to first order operation.
Conversion efficiency
We assume that the poled glass has C ∞ν symmetry, with the axis of anisotropy along z direction, and that Kleinman symmetry is satisfied. Thus the nonlinear optic tensor can be described by Eq. (2) . SHG measurement by scanning across the 400 µm period χ (2) grating fabricated by periodic erasure using e-beam deposition process.
where p i (t) and e i (t) (i=x,y,z) are the time-dependent nonlinear polarization and electric fields, respectively. Therefore both TE-polarized (i.e., e y = e z = 0 ) and TM-polarized (i.e., e y = e x = 0) fundamental beams will produce SHG that is TM-polarized, and the For a waveguide QPM-SHG device of length L, the relationship between the instantaneous SHG output power, P 2ω (t), and the instantaneous fundamental mode input power, P ω (t), is given by
where c is the vacuum speed of light, ε 0 is the permittivity of free space, λ f is the wavelength of the fundamental mode, A eff is the effective mode area, and d eff is the effective nonlinearity. Expressions for the later two quantities are given by Eqs. (4) and (5)
where E ω (x,z)and E 2ω (x,z)are the electric field spatial distributions corresponding to the fundamental and second harmonic waveguide modes, N ω and N 2ω are the effective indices of the fundamental mode and second harmonic modes, respectively, and d(x,z) is the spatial distribution of the second order nonlinear coefficient (d 31 for the TE mode and d 33 for the TM mode). The nonlinear coefficient relates the induced SHG polarization p 2ω to the fundamental
Equations (3)- (5) follows from the results given in [28] after neglecting propagation loss and taking into account the spatial overlap between the modes and the nonlinearity. It has also been assumed that the non-linear phase matching grating has a square-wave profile with a 50:50 duty cycle. The effective area accounts for the spatial overlap between the fundamental and second harmonic modes, while the effective nonlinearity accounts for the spatial overlap between the fundamental mode, the second harmonic mode and the nonlinearity. If the nonlinearity is uniform and equal to d throughout the waveguide region, then according to Eq. (5) d eff reduces to 1 / mπ times d. The performance of the 1 cm long waveguide QPM-SHG device was characterized using a 1064 nm Nd:YAG MicroChip pulsed laser for the fundamental beam. The laser's pulse repetition rate (R), pulse energy and full-width-1/e pulse duration (σ e ) were of 6.5 kHz, 10.5 µJ and 0.62 ns, respectively. The fundamental beam was passed through a polarizer and variable attenuator before being coupled into the waveguide using a 20× objective lens. The output second-harmonic signal was collected by another 20× objective lens and directed to a photodiode detector after passing through an IR pump blocking filter and 532 nm narrow bandpass filter. The average SHG power vs. the average fundamental power was measured for both TE and TM-polarized fundamental beams at room temperature, and the results are shown in Fig. 7 . The insert is the image of the output green light at 532 nm. Only a TMpolarized SHG signal was produced as predicted by Eq. (2). Furthermore, the average output power has quadratic dependence on the average input power as theoretically expected.
The temporal pulse shape generated by the MicroChip laser is approximately Gaussian and is given by
with a repetition rate of R and a peak power of P ω peak , where σ is related to the full-width-1/e Fig. 7 . Measured average SHG power vs. average fundamental power at 1064 nm for both TM and TE polarized fundamental beams.
pulse width σ e by σ e = 2 2σ
Thus according to Eq. (3), the temporal pulse shape for the SHG signal will also be Gaussian and given by
with a repetition rate of R and a peak power of P 2ω peak . It follows from these equations that
since σ e << 1 / R . Thus
The conversion efficiency (in percent), η , per launched fundamental beam power per device length square can be expressed using Eqs. (3), (7) and (10) as η = 100 
Using Eq. (11), together with the data shown in Fig. 7 , the measured (at room temperature) normalized conversion efficiency for this device is found to be 9x10 -8 %/W/cm 2 for a TM polarized fundamental beam.
Thermal tuning
The required phase matching period given by Eq. (1), depends critically on the dispersion of the waveguide modes, and even a small error in the computed period will result in a substantial phase mismatch. For example, a 4%, i.e. 5 × 10 −4 , error in the assumed dispersion value, N ω − N 2ω , will produce a phase mismatch, ∆kL , equal to 3π . The QPM SHG device was temperature tuned to determine the phase mismatch and d eff . The device was mounted on a thermo-electric cooler (TEC), whose temperature could be controlled by adjusting the applied voltage. The temperature was continuously varied from 10 o C to 120 o C while the intensity of the SHG signal was monitored. The changes in the SHG output power shown in Fig. 8 are due to changes in the phase mismatch as the temperature is varied. The phase mismatch, given by Eq. (1), is repeated below
where T is the temperature in absolute degrees Kelvin. Thus
where n ω and n 2ω are the refractive indices of the fused silica at the fundamental and second harmonic wavelengths. Equation (12) can be rewritten as
where α and β are the thermo-optic and thermal (linear) expansion coefficients, respectively, given by
The thermo-optic coefficient of fused silica is both wavelength and temperature dependent, o K corresponds to ∆kL = 3π and ∆kL = 5π , respectively, since the measured ratio of the first to second maximum is approximately 3 (see Fig. 8 ). The predicted theoretical variation of SHG output power with temperature, assuming that the first maxima occurs at ∆kL = 3π , has been computed using Eq. (13) , and the result is also shown in Fig. 8 . The deviations between the theoretical and experimental data cannot be completely explained, but may be due to imperfect mode matching along the length of the QPM grating. Assuming that the first peak in Fig. 8 corresponds to ∆kL = 3π and that the coupling efficiency into the device is around 30% (a reasonable estimate), the conversion efficiency with respect to launched power at ∆kL = 0 would be approximately 2 × 10 [19] . It has been recently reported that the thermally-induced nonlinearity may be reduced in femtosecond-laser-modified fused silica [31] . Similar effects have been seen in thermally-poled UV-written waveguides [32] . The opposite effect, however, was previously reported [33] , and a relatively efficient electro-optic modulator has been demonstrated in thermally poled, femtosecond, laser-written waveguides [19] . Thus the conditions for which the nonlinearity is either reduced or enhanced due femtosecond-laser material modification remain unknown.
There are several possible explanations, outlined below, for the low d eff reported in this paper. The most likely candidates are: (1) the peak of the thermally-induced nonlinearity is not located in the waveguide region, (2) the modulation depth of the nonlinear QPM grating is reduced by the x-ray/electron beam erasure process, (3) the duty cycle of the fine period QPM nonlinear grating is much less than 50% in the waveguide region [7] and/or (4) the femtosecond waveguide writing process greatly reduces the effectiveness of thermal poling in the waveguide region. The fourth possibility is not likely, since an efficient electro-optic waveguide modulator was demonstrated using a similar technique [19] . It should be possible to greatly improve the conversion efficiency by reducing the effective area of the modes and optimizing the QPM grating structure.
Conclusion
In conclusion, we have successfully demonstrated the combination of glass thermal poling with femtosecond laser direct writing technologies to realize a waveguide QPM-SHG device in bulk fused silica. We developed a novel method to fabricate the QPM χ (2) gratings by using a standard e-beam evaporator deposition system together with a silicon grating mask to perform selective erasure of the nonlinearity in a uniformly poled region. Although the physical origin of the erasure is still not fully understood, we suspect that x-rays produced by Bremsstrahlung in the deposition chamber play an important role. We achieved normalized conversion efficiency of 2 × 10 −5 %/W/cm 2 in a 1 cm long waveguide QPM device, corresponding to an effective nonlinear coefficient, 0.0075 pm/V. It should be possible to greatly improve the conversion efficiency by reducing the effective area of the modes and optimizing the QPM grating structure. 
